ABSTRACT Wireless power transfer devices are becoming more relevant and widespread. Therefore, an article is devoted to a review, analysis and comparison of compensation topologies for an inductive power transfer. A new classification of topologies is developed. A lot of attention is paid to the problems of the physical fundamentals of compensation work, standards, safety, and five main topology requirements. It is determined, that topologies with the series primary compensating are the most effective in the IPT for charging devices among the four classical schemes. The series-parallel solution is recommended in case of the low output voltage, minimum size of a secondary side coil is achievable. The series-series solution does not depend on the magnetic coupling coefficient and the load on the resonance frequency. For the convenience of displaying and understanding the information, the comparison results are listed in the tables, graphs and dependencies. The main suitable topologies for a certain application are defined. The given conclusions provide a ''one-stop'' information source and a selection guide on the application of compensation topologies both in terms of devices and in terms of power level that is the main value of this paper. During literature analysis and recent trends in the market for wireless power transmission devices, the main possible further ways of developing topologies are underlined. First of all, it concerns increasing the frequency of resonance of compensation topologies, the use of multilevel / multi-pulse / multicoils structures, the study of existing high-frequency semiconductors and the development of the semiconductor and magnetic materials. 
I. INTRODUCTION
The investigations in the field of green energy and an electric transport are supported by the governments in many countries and are a strategy for the future development and technology. Accordingly, the wireless communication methods for a power transfer and transmitting information between the devices that have well-known advantages over connectors are also actively developing. Among the various methods of Wireless Power Transfer (WPT), the most practical use is the capacitive and inductive methods. In the first case, the transmitter and the energy receiver are the plates of the air capacitor (Fig. 1a) , in the other case are the air-gap transformer coil (Fig.1b) . The most significant advantage of the Capacitive Power Transfer (CPT) over the Inductive Power Transfer (IPT) [1] at lower power levels is its cost and size. The capacitive method has a greater transmission distance especially on a low-power level, rather than in the method of electromagnetic induction, but lower efficiency and the transmission power [1] - [3] . The advantages of the magnetic inductive coupling include also the ease of implementation, convenient operation, high efficiency on a close distance (typically less than a coil diameter, but can be increased in a resonance system) and ensured safety [4] . Therefore, mass commercial and industrial distribution especially in the high-power applications has been received by an inductive method and an inductive method with resonance as its type.
The energy from the grid through the primary rectifier enters the high-frequency inverter where it is converted into the alternating current. Through a primary resonant circuit C p -L p with magnetically coupled coils the energy is transmitted from the primary side to the side of the device (secondary side). The resulting current is rectified, filtered and fed to the load (R L ).
In the WPT by electromagnetic induction, a near-field Electromagnetic Field (EMF) is used. It is known that due to the electrodynamic induction, the alternating high-frequency electric current flowing through the primary winding creates an alternating magnetic field (Ampre's law) that acts on the secondary winding, inducing it in the electric current (Faraday's law) [5] - Fig.2 . To achieve high efficiency, the interaction must be sufficiently close. When the secondary winding is removed from the primary, most of the magnetic field does not reach the secondary winding and the inductive coupling becomes increasingly ineffective due to the losses.
Systems with only inductive coupling have a much lower efficiency than IPT with the resonance. The large air gap of the transformer increases the leakage of the flow and, as a result, leads to a higher leakage inductance compared to the conventional transformers. The efficiency of IPT without compensation as a rule does not exceed 50% [6] . [7] .
To compensate the leakage inductance, the reactive power on the primary and secondary sides additional compensating capacitors are required (Fig.2) [6]- [8] . In this case, the possible distance between the coils increases and thus the efficiency of the transferred power decreases less slowly [9] . Further in this article under the IPT will be understood the IPT with compensation circuits (inductive power transfer system with resonance).
The conductors are wound on the magnetic conductive material to direct the flow and improve the coupling coefficient and efficiency. In Fig.3 : N 1 , N 2 are the numbers of turns on the primary and secondary sides respectively; I 1 , V 1 , I 2 , V 2 -current and voltage on the primary and secondary sides; C 1 , C 2 -compensating resonant capacitors; R -load resistance, -magnetic flux. The use of compensation topologies also increases the transfer power, reduces the Volt-Ampere rating (VA rating) of the power source and helps to achieve a soft switching of semiconductors [10] , [11] .
A. FREQUENCY STANDARTS AND SAFETY
The resonant frequency is selected based on the load and can vary in a wide range. In the case of using the topology of compensation in the IPT, the energy is transmitted with a certain resonance frequency, hence the quality factor of the system is higher, but the exact adjustment of the resonant frequencies is required. The primary and secondary sides can be tuned to approximately the same resonant frequency. This allows to cancel the secondary leakage inductance and to maximize the power transfer efficiency.
For a particular group of applications, researchers use the same frequencies. There are ranges and frequency groups that are standardized. This section describes the most important global standards and frequencies.
The operating frequency for light duty electric vehicle wireless charging is 81. . . 90.00 kHz, which is regulated by the Society of Automotive Engineers (SAE) Task Force's J2954 standard. It is recommended to set 85 kHz for Electric Vehicle (EV) applications [12] , [13] .
For heavy duty vehicle the standard SAE J2954 is also relevant, which corresponds to International Telecommunication Union -Radiocommunication (ITU-R) [14] .
Operating frequency for portable and mobile devices is regulated by Qi standard of Wireless Power Consortium [15] . Low-power category can transfer the power within 5 W on 110 to 205 kHz frequency range and a medium-power category can deliver the power up to 120 W on 80-300 kHz frequency range (Fig.3) [16] .
When the size of the devices is compact with a power of several watts, as well as for medical applications, mainly is used the megahertz range -Industrial Scientific and Medical high-frequency applications (ISM) frequency band, which belongs the International Special Committee on Radiofrequency Interference (CISPR). The allowed frequency band is discrete (Fig.3 ) [17] , [18] . For example, the available frequency range of 6.78 MHz is 15 kHz and 13.56 MHz is 7 kHz [17] . The frequency range from 9 to 135 kHz is used less commonly. Range below 135 kHz is mainly used by radio services [17] , household appliances, ignition systems, and fluorescent lamps [19] .
Standard Alliance for Wireless Power (A4WP) aims to provide the spatial freedom for the wireless power [20] . This standard proposes to generate a larger electromagnetic field with a resonance coupling. To achieve spatial freedom, the A4WP standard does not require a precise alignment and even allows a separation between a charger and charging devices. The maximum charging distance is up to several meters, working at 6.78 MHz. This is the frequency used for a power transfer. The A4WP standard uses the 2.4 GHz ISM band. It is divided into five categories with the output power up to 6.5 Watts. Moreover, multiple devices can be charged concurrently with a different power requirement, for example a laptop, tablet and smartphone. Another advantage of A4WP over Qi is that foreign objects can be placed on an operating A4WP charger without causing any adverse effect [4] .
There is a standard International Electrotechnical Commission (IEC) with two power groups: up to 5 watts and up to 15 watts, which includes multi-device WPT support. The IEC and SAE J2954 synchronized with International Organization for Standardization (ISO) [19] .
There are several local standards and frequency ranges in China, Japan and Korea [19] . They are classified by frequency bands for certain groups of devices and power. It is an inductive coupling: low power; inductive coupling: high power (several watts up to 1.5 kW); magnetically coupling resonant (up to 100W), capacitive coupling.
The China has its own standard -China Communication Standard Association (CCSA). Japan has the Association of Radio Industries and Businesses (ARIB); Broadband Wireless Forum (BWF) for power up to 7.7 kW. In the CPT transmitted up to 100W power on the frequency 425 kHz-524 kHz, provided by ARIB [19] .
There is Telecommunication Technology Association (TTA) In Korea. For buses and trains, industrial vehicles, with stationary and dynamic charging with a power of tens or more kilowatts (up to 100 kW), frequencies of 19-21 kHz and to 59-61 kHz are usually used. These are such systems as: On-Line Electric Vehicle (OLEV) [21] , EATON, IPT Technology, WAVE and others [22] .
Users are interested in the impact of electromagnetic radiation from WPT devices on a human health. In [23] is discussed a biological response caused by the exposure to electric and magnetic fields from 1 Hz to 100 kHz, heating in human tissue, surface electric discharge, induction in the retina of phosphenes, heating in implanted medical devices and metals.
Devices with a centimeter scale are not suitable for some critical application, e.g., cardiac implants. There is a trade-off between the implant size and the WPT efficiency. The optimal frequency for WPT in implanted devices lies in the sub-GHz to low-GHz range [24] .
International Commission on Non-Ionizing Radiation Protection (ICNIRP) has set the internal electric field limit 1.35x10-4f, where f is a frequency of the electric field and the typical limit is 83V/m. The magnetic field for human tissues equals 27µT (21.4A/m) for a magnetic field [7] , [12] , [23] . The leakage EMF must comply also with more rigid IEEE C95.1-2345 Standard [25] , which offers more insights into physiological effects such as nerve excitation on less 100 kHz and the tissue heating above 100 kHz. In order to protect the driver and passengers in electric vehicles, metal protective screens can be installed [7] , [21] .
B. REQUIREMENTS FOR COMPENSATION
The basic requirements for compensation schemes are described in [7] , [10] . The list of requirements and what they depend on is shown in Table 1 . One of the requirements is to minimize the volt-ampere characteristics of the source and increase transmission power. These requirements can be achieved by reducing the leakage inductance [7] . The primary resonance cancels the primary leakage inductance, thereby increasing the power factor to near unity, with the secondary coil also operating at or near the same resonant frequency [26] . A separate direction is the Maximum Power Point Tracking (MPPT) and the maintenance of the system at this point or at a certain area of the power curve.
The advantage for certain systems, such as wireless charging, power Light-Emitting Diodes (LEDs), etc. will provide a constant voltage or current output mode. Also, in Constant Current (CC) or Constant Voltage (CV) modes should be high efficiency of the energy transfer. It depends on the coupling coefficient and the quality factor of the inductances, as well as on the resonant frequency of the secondary and primary sides. When changing the position of the coils, this leads to the need to change the frequency of operation. The sensitivity to changing position (misalignment) in each topology of compensation is different. This requires a more complex control algorithm so that on both sides the resonance frequency remains the same. High efficiency can be achieved by soft switching of semiconductors [10] .
Inverters may operate with a constant or variable frequency depending on the control strategy and soft commutation requirements. Those operating with variable frequency are subjected to a phenomenon known as Bifurcation, which is the occurrence of multiple zero phase angle resonant frequencies that can lead the converter to unstable operating modes [27] . This phenomenon is caused by the input impedance (Z i ) that may vary roughly from capacitive to inductive depending on secondary quality factor (Q s ) and this may cause unstable operating modes [28] (Fig.4) . Therefore, the compensation network must be designed for a single zero phase angle, and ensure the system stability for a variable frequency control under different loading conditions [7] , [10] . For operating without the bifurcation, the frequency controller must be designed to operate within the bifurcation. If the system can work in the bifurcation area, the controller must anticipate and correctly work in the desired mode of the operation.
The latest requirement for the bifurcation criterion in combination with the frequency and load controller ensures the stable and high performance of the WPT system. That is, the more requirements are met, the more efficient the IPT scheme will be with compensation.
II. CLASSIFICATION OF COMPENSATION TOPOLOGIES
The compensation for an inductive energy transfer can be considered as a topology in which there is at least one resonant element on one side. Figure 5 depicts the proposed classification of the topology compensation. The topologies are proposed to be classified according to the location (on the primary or secondary side, double-sided and multicoils, if there are several transmitting or receiving coils). Resonant elements on either side may be one, two or more. These may be capacitors and inductors. In the case of multicoils, the compensating element or elements can be located near each coil, only on the transmitter or on the receiving side, or on both.
The classical (or basic) topologies of compensation are the topologies that have one compensating capacitor on both sides. They are discussed in more detail in the next section. On their basis different combinations of topologies have been developed, and are considered in section V.
In the case of another type compensation topologies or their combinations, the complexity of a parameter calculation and the prediction of the system behavior increases, from the increase in the number of elements the reliability decreases. The number of compensating capacitors can be two or more, there may also be an additional inductance. Other topologies have certain advantages, so they can be used. These questions are described in section V. Also, the disadvantages can be called the greater complexity and cost of such systems, especially with the adding of additional inductances.
III. REVIEW AND ANALYSIS OF 4 BASIC COMPENSATION TOPOLOGIES
There are 4 basic compensating topologies (Fig. 6 ), based on which most semiconductor solutions are created: SerialSerial (SS), Serial-Parallel (SP), Parallel-Serial (PS) And Parallel-Parallel (PP).
The investigation of WPT was conducted long time ago, but since the 90s, more attention has been paid to IPT systems with the compensation [29] . At that time, the markets of electric cars and mobile phones began. Initially, the formulas for determining the primary compensating capacity were different, without taking into account certain parameters and specifics of the process. Some designs calculate the primary capacitance by compensating only the primary self-inductance [30] . This is acceptable if the reflected impedance is negligible in comparison to the primary self-inductance. Moreover, the bifurcation-free operation is normally assumed.
Initially, mainly purely inductive methods of WPT for charging electric cars were considered [31] - [36] .
But a real impetus to the development of WPT with compensation was a well-known study in Massachusetts Institute Of Technology (MIT) in 2007 [37] . The research team in MIT found that when the transmission coils work under the resonance, the efficiency and the transfer distance can be improved [38] .
A. ANALYSIS OF BASIC TOPOLOGIES
In order to understand the features of the basic compensation topologies, they need to be considered in detail. The basic equations and the results of the comparison are listed in the Tables 2-6. A detailed analysis of the basic compensation topologies is presented in [7] , [8] , [10] , [39] - [41] . In [42] it is determined that the choice of the L and C values of the resonant circle depends mainly on the primary or secondary topology, the quality factor and the value of the magnetic coupling coefficient. Comparing the SS with the SP parameters, it can be seen that the choice of a topology strongly influences the choice of a primary capacity.
The choice of the primary compensation topology also depends on the application [43] . A series compensation is well suited for systems with long primary tracks, with the compensation capacitors placed in series along the track. This allows the track voltages to be managed within the maximum allowable limits. The parallel compensation is better suited for concentrated windings, as these are usually high current systems. A single capacitor at the terminals of the coil is used. [28] , [40] .
Considering the capacitor requirements, the series compensation implies higher voltages and lower currents than the parallel compensation. In the SP topology, the primaryside capacitance affects the power factor and input-to-output voltage ratio of the resonant circuit, which consists of the compensation capacitors and two coils [44] . Therefore, the capacitance of the primary-side capacitor affects the total effciency including the effciencies of the inverter and resonant circuit.
The SS and SP compensation are most often used in the practical applications and implementation, because they have the best efficiency [10] , [45] which is further analyzed. Details for the effectiveness and thorough research and comparison of these two topologies under different conditions and changes in various parameters can be found in [45] .
In most of the discussed articles, the effectiveness of these two topologies was more than 93%, and in many cases it is approaching 97% at different transmission power [19] , [40] .
The compensations with a parallel capacitor on the primary side are rarely used [46] , [47] due to the large input impedance, the complexity of the calculations, dependence on the coupling coefficient and load, and other disadvantages. Although some sources indicate that the PS compensation scheme provides a soft switching of all semiconductor devices [48] . A topology may be appropriate, for example, for transmitting energy from solar panels at specific input parameters that provide VA ratting of photovoltaic panels [48] .
The biggest advantage of the SS topology is the fact that the compensation capacities do not depend neither on the magnetic coupling coefficientk = M / L p · L s nor the load on the resonance frequency (1) [6] , [8] , [49] . To illustrate the dependence of the compensation on the coupling coefficient, it is necessary to calculate the capacitors for operation at the resonant frequency (Table 2) .
On the contrary, the SP topology depends on the coupling factor (2) and requires a greater value of the primary capacity for a strong magnetic coupling [8] , [42] , [50] .
The primary capacitor for SS topology is calculated as (1), only the primary inductor Lp and the resonance frequency ωr need to be substituted [1] , [28] , [40] . For SP topology, the primary capacity is determined by (2) , where the mutual inductance M means the dependence of the calculated value on the coupling coefficient. The choice of the topology strongly influences the choice of the primary capacity.
For the SS and SP topologies, the secondary compensating capacitor Cs is also calculated from (1) [40] , but it is necessary to substitute the value of the secondary inductance Ls.
Two other topologies with a parallel primary compensating capacitor PS and PP have considerably more bulky formulas for calculating the primary capacitance (3), (4) . In addition, the value of the resonance capacity depends not only on the change in the coupling factor, but also on the change in the load resistance [1] , [28] .
To improve the efficiency of the PS and PP, the topology requires the additional serial inductance for improved inverter current control (transformation in Inductance-CapacitanceCapacitance (LCC), CCL, etc.) flowing in the parallel resonant circuit [42] . This inductance increases the size of the converter and the cost of the system. Another drawback is that it requires the current source input to avoid any instantaneous change in the voltage [51] . Another important fact is the value of the input resistance, which is especially large in PS and PP topologies [52] . This requires a high driving voltage to transfer the sufficient amount of power.
On the resonance frequency, the voltage gain in PP topology is related to the load and the transformer parameters, and its gain is less than 1 for all loads. The voltage ratio presents a different value for different values of the load [6] .
In [28] it is noted, that PP topology has been chosen since it is commonly used for high-power industrial [53] . The current source characteristic of the parallel-compensated secondary is suited for battery charging, whereas the parallel-compensated primary is used to generate a large primary current [43] .
The PP topology requires a slightly larger primary capacitance for loose coupling with a low secondary quality factor, but needs a smaller primary capacitance if the coupling is improved or the secondary quality factor is increased. A smaller primary capacitance is always required for PS topology and the change becomes larger with better coupling or higher secondary quality factor [50] .
The PP configuration suffers from the low power factor, a high load voltage of the parallel secondary and large current source requirements of the parallel primary [10] , [26] .
The main advantages of the PS and PP topologies are the high efficiency and high power factor at relatively low mutual inductance and a relatively large range of the load variation and mutual inductance [51] , [54] . The acceptable efficiency will be at a rather small value of the coupling coefficient and, consequently, mutual inductance, as defined in the simulation (Fig.7) . At low-power levels, where the wire section is not a relevant parameter, PS and PP compensations make it possible working at a slightly larger distance with the same operating frequency [55] .
The series compensation requires a higher voltage and current than the parallel compensation [56] .The application of the SS compensation is more expedient for a large power with variable load parameters, such as charging electric accumulators with a load of several kilowatts [6] , [11] , [21] , [42] , [57] . Also SS compensation is especially useful in segmented dynamic wireless power transfer applications, where the coupling coefficient varies with movement of the EV [7] and the voltage transferred to the secondary is very high.
The analysis of the 200 kW system was carried out in [55] . It is determined that the SS compensation is the one requiring less copper mass. The SP compensation requires 4.6% more, PS 30% more, and the PP compensation 24% more. Although the SS compensation is the option requiring less copper mass, using parallel primary compensation the operating frequency is much lower, being just 11 kHz for the PS compensation. That is due to the fact that the lower the required current (and thus the wire section) is, the higher the operating frequency will be. This implies higher switching frequencies in the topologies using the series primary compensation, although from an economical point of view, the SS and SP compensations are more advantageous for a high-power transmission [7] , [55] .
Therefore SS and SP compensations are suitable for high power from an economic point of view. The PS or PP compensations are typically used for a high power current source driven cables that run over a long distance [7] .
But it is not a rule to use this topology only at a high power. The SS compensation is used and intensively investigated at different resonance frequencies from kilohertz [49] , [58] - [69] to megahertz [70] - [72] , and power from several watts [62] , [72] , [73] to tens of kilowatts [21] , [55] , [74] .
However, with a power of several kilowatts and tens of kilowatts, the size of the coils must necessarily be increased with all compensation topologies, in order to have sufficient cooling area. For some WPT applications (for example in biomedicine), the temperature of the device should not exceed certain safe ranges.
The SP topology requires less secondary inductance than the SS one, it is an important advantage (Fig.8) [40] . Respectively, at the same time, a larger primary capacity needed [50] , [75] , [76] . From Fig.8 , the smaller resonance frequency is, the greater the advantage of SP topology in the size of the secondary coil will be. The primary inductances in two topologies are almost identical.
This feature of SP topology is advisable to use in biomedical and other compact devices, such as wireless charging for a low-power transport [77] . The SP topology is recommended to be used in biomedical applications, or any application where a constant voltage transfer ratio without the necessity for feedback control is desired [78] , [79] .
The smaller size of the secondary inductance will be better in the planar approach for combining all the magnetic components, when all the inductances are mutually solved and the compact size is very important [80] .
The major drawback of the SS topology occurs at the light load condition, and when the receiver is not present and the equivalent impedance seen is zero at the primary resonance frequency with only the parasitic impedance of the capacitor and inductor limiting the current [7] . Also the disadvantage of the SS compensation method is the load dependency of the voltage transfer ratio, which could complicate the control and reduce the partial-load efficiency of the system [40] .
An important criterion is the compensation behavior when changing the position of the coils. The misalignment behavior of basic topologies are considered in [56] .
The basic compensation topologies are shown in Fig.6 , and their misalignment behavior has been studied for the 2 kW IPT systems [55] , [56] - Fig.9 . [56] .
If the coils are not properly aligned, the mutual inductance coefficient decreases (Fig. 9a) , modifying the total impedance (Table 3 ) of the system seen by the source (Fig. 9b) . In the SS (5) and SP topologies (6), the total impedance decreases, causing an increase in both the current supplied to the load and the one supplied by the source. In the PS (7) and PP (8) topologies, the total impedance increases with the misalignment, causing a quick fall of both supplied and absorbed currents.
As it has been noted, the SS compensation is independent of the coupling coefficient, and the output current does not depend on the load on the resonance frequency [40] .
Consequently the system exhibits a low sensitivity to the coil misalignment, and the resonant frequency of the resonant circuit is constant if there is no component tolerances.
The secondary side using the series compensation, namely the SS or PS, achieves a much smaller average absolute value of the phase of the primary input impedance than that of using the parallel compensation, SP or PP [52] .
In the SS topology, zero-voltage switching is ensured in the primary side switches by keeping the input impedance of the converter inductive while the output diodes are turned on at zero current and turned off at zero current. Because if there is soft-switching in all switches, very high frequency operation is possible [42] .
For a constant magnetic coupling system, the magnitude of the output voltage of the SP topology IPT depends on the magnitude of the primary current which can be controlled by the primary input voltage [82] . In the SP topology with an increase of mutual inductance the efficiency of the system increases [7] , [81] .
The conducted analysis [83] determined that the performance of parallel topology on the secondary side with a significant load is better than in a series topology.
When the separating value of the load resistance R' L is lower than the impedance of the resonant capacitor on the secondary side Z Cs , the SS topology is much better, although in a rather narrow range of loads. The characteristics in Fig. 10 are dramatically reduced. On the contrary, at a high load resistance, the SP topology is preferable because of the fact that the impedance of the secondary resonant capacitor Z Cs prevails over the parallel impedances R' L and Z Cs . The impedance of this capacitor is approximately equal to the load impedance R' L (9). FIGURE 10. Waveform of output power dependence on load for SS and SP topologies [83] .
From [83] , the separating value of the load resistance R' L can be expressed:
where Z Cs -impedance of a secondary capacitor consisting of the active R c and reactive X c resistances.
The active resistance of the capacitor can be neglected, since its magnitude almost does not affect the result.
Consequently, in the SS topology, the advantage is a remarkable loading characteristic; the SP-topology also has a good transmission efficiency with a significant change in the load range [83] . Mathematically proved that for the abovementioned analysis it does not matter which topology (serial or parallel) will be on the side of the transmitter.
As for the requirement for the modes of a constant output current or voltage, in the simplest case they can be achieved [56] and load independent output condition [10] .
by switching compensation topologies. This can be done both on the primary and on the secondary side.
At certain operating frequencies and compensation parameters, it is possible to work in the mode of a constant current output or constant voltage output, which does not depend on the load change (the load independence output conditions). In the work of researchers [10] noted that with the help of the SS and SP topologies in both cases, the compensation can be realized with the current or voltage Load Independence Output (LIO). At the two operating frequencies in the SP topology, can be implement a mode in which the output current will not depend on the load.
For the SS compensation, one frequency at which the current LIO mode works is detected and determined in [10] , [41] . It is very convenient that it is equal to the resonant frequency and depends only on the parameters of the primary compensation (10) . For operation in the voltage LIO mode, there are two frequencies (lower ω L and upper ω H ) (11) in Table 3 , where is the correction factor, k is the coupling coefficient. For the SP compensation work in the voltage LIO will be (12) , and work in the current LIO mode will be (11) .
In [41] , a simplified frequency value for the LIO was given. For the PS and PP topologies for the LIO conditions the expression (13) will be actual. At this frequency, the PS topology will work in the mode of the voltage LIO, and the PP in the current LIO mode. As a drawback, it can be noted that for the PS and PP topologies, there are no frequencies for operating in the current LIO and voltage LIO modes, respectively [41] .
The maximum efficiency condition for all basic compensation is achieved approximately at a secondary resonant frequency (14) .
For the parallel compensation the maximum efficiency depends on the coupling coefficient [41] . The maximum load power condition has different frequencies (Table 3) . For the SS compensation it is (10) [6] and (14), for the SP it is (14), for PS is (13), for the PP approximately also is (13) [41] . Consequently, according to this analysis, the SS and SP compensations can provide a constant voltage and constant current output, but operate at different frequencies. For the wireless charging of electric vehicles for the operation in the current LIO mode, using the SS compensation, and for operation in the voltage LIO mode it is the SP [84] , [85] .
From the other article of these authors [84] as an extension to the experimental verification, it is determined that in the SS-topology for the implementation of voltage LIO, there will be two operating frequencies, as previously described (11) (at the resonance frequency 200 kHz). The maximum efficiency for the SS compensation can be achieved at a higher frequency (Fig.11) . However, the performance and transfer coefficient will be slightly better with the SP topology. Important in this case is a soft switching (a soft switching of the transistors in the inverter), which reduces the losses when also switching in the rectifier diodes. Although, when the compensation circuit works with a high efficiency and in the voltage LIO mode, a soft switching occurs automatically [84] . At the same time, it is possible to work efficiently at high frequencies up to a megahertz range [8] . Fig.11 shows the simulations results of a power transfer under different load conditions for the SS and SP compensations.
With a parallel compensating capacitor on the secondary side, there is one operating frequency for the implementation of the voltage LIO.
One of the main application of the LIO is to provide the CC and CV modes. In [50] it is shown that when a primary-side resonant current is maintained constant, the secondary-side series compensation performs as a voltage source, while the parallel compensation acts as a current source. Hence, the SS and SP compensations provide a possibility to realize the CC and CV charging for the variable load through adjusting the primary-side resonant current. In [10] , [68] , and [86] - [88] it is pointed that both the SS and SP compensations achieve CC/CV charging by choosing a suitable system operating frequency.
Another advantage of the series secondary compensation is that on the resonant frequency a series compensated secondary has a zero reflected reactance ImZrr (15), whereas a parallel-compensated system reflects a capacitive load (Table 4) [28] .
In the case of parallel secondary compensation, the reflected reactance is present, but this can be adjusted as this value does not depend on the load (16) . It can be shown (15) that both the reflected resistance ReZrr and the power transfer capability assuming the constant primary current for the series compensation increase to infinity when the load is reduced to zero.
A similar result arises for parallel-compensated systems as the load increases to infinity [28] . This is one of the major differences between the series and parallel-compensated secondary systems.
For a series-compensated primary the load resistance is identical to the reflected resistance. The load reactance, however, depends on the primary capacitance and inductance, and also the reflected reactance. For a parallel-compensated primary the load conductance depends on the primary inductance, and also the reflected resistance and reactance, while the load susceptance depends on the primary capacitance and inductance as well as the reflected resistance and reactance [28] . Also secondary-side compensation topologies investigated in [89] , where depicted main values dependencies that confirmed conclusions in this section.
Another criterion is an effect of zero or a weak coupling coefficient on the voltage and current stress [7] . The absence of the magnetic coupling happens when there is a misalignment or secondary coil. In this case, the compensation network should guarantee a safe operation of the WPT system. To allow zero or a weak coupling condition, the input impedance of the system should be infinite for the current source input and zero for the voltage source input [41] . Zero coupling is not allowed only for the SS compensation. Table 4 also shows the bifurcation criteria for basic topologies (17) (18) (19) . Typically, the primary Q P and secondary Q S quality factor is more than one. The most simple condition in the PS topology is (19) . If the primary quality is greater than the secondary, then the bifurcation does not occur. In order to visualize and improve the perception of information, based on the results of the comparison Table 5 , a petal diagram comparing the basic features of the basic topologies is constructed (Fig.12) .
The larger the number in the diagram (further from the center) and the larger the area of the figure is, the better will be the topology in comparison with others. The best are SS and SP topologies in the absolute majority of comparable parameters.
In conclusion, the work of the topologies at different frequencies is compared. The paper [90] compares 4 main topologies with 9 cases, also in the cases where there is only a primary or a secondary compensation.
The comparison among different topologies has been provided and it has been shown that the SS topology of the loosely coupled IPT system provides the best efficiency at 1 MHz frequency [52] . Also at 1 MHz the SS topology provides a higher power transfer than the SP [91] , [92] , but the SP has a slightly better efficiency. The effectiveness of the whole system increases with an increase in the coupling coefficient [91] . Table 5 presents a comparison of topologies based on the main parameters described in this section. For example, the table can be seen without an analysis of analytical expressions that if there is a parallel compensating capacitor on a certain side, then it depends on the change in the coupling coefficient and load. The benefits are marked with a green color, the drawbacks are red.
Also, the analysis of basic topologies and the calculation of main parameters was carried out in [93] - [95] and many others are not mentioned in this article.
Obviously, the knowledge about the features of the topologies and their work under different conditions and parameters is very important.
IV. MODIFICATION AND COMBINATION OF COMPENSATION TOPOLOGIES
Based on the classical basic compensation topologies (Fig.6) , discussed in the previous section, other hybrid and more complex topologies are constructed.
A. MODIFICATION AND COMBINATION OF CLASSICS COMPENSATIONS TOPOLOGIES
They can be either combinations of two or more capacitors on one side (Fig.13f-h) , or with the addition of series or parallel additional inductances (Fig.13a-e) . Their features are included in the Table 6 . Other combinations with a parallel connection capacitance (C) and inductance (L) are possible.
The hybrid topologies (i.e. LCL-LCL, LCC-LCC) maintain high efficiency over their full range of coupling and loading [96] . However, the extra inductances and capacitances as well as their stray resistances in the hybrid topologies may cause much copper loss than the SS topology under the rated power, especially for the occasion of a high power transmission. The control complexity and the cost of the hybrid topologies are higher than those of the SS topology.
Despite this, the current source behaviors LCL-LCL and LCC-LCC topologies on the secondary side when operated with a voltage source inverter on the primary side make them be good candidates for the battery-charging applications [11] , [97] . The equivalent impedance of capacitor and inductor has an opposite phase. The T circuit can be formed with either the LCL or CLC topology for the CC/CV mode in hybrid circuits for a massive electric bicycle charging [98] , [99] .
In [11] it is noted that the RMS output current of the double-sided LCC compensation topology is constant once the input voltage is fixed. By tuning the LCC compensation, Zero Current Switching (ZCS) can be achieved. Also, the LCC pickup can compensate the reactive power at the secondary side to form a unity power factor pickup. This compensation has the independence of the coupling coefficient and load conditions [100] , [101] . The double-sided LCC compensation is the most popular as it can reduce the current stress in the inverter, has a high efficiency, high misalignment tolerance and load independence characteristics [11] , [101] - [103] .
The secondary side of the LCC compensation can be either a parallel compensation or series compensation. The parallel compensation is widely used due to its robustness to load variation [100] . The drawback of the parallel tuned system is in the transferred-impedance on the primary side which consists of both real and imaginary parts of the load. The series tuned pickup requires a large bridge rectifier capacitor to ensure a continuous conduction and the pickup voltage increases to a high value at large power levels [7] , [101] .
In [100] the LCC topology eliminates aforementioned problems and has the following advantages: lower losses in the rectifier, the pickup winding; the efficiency of the system is high as compared to the parallel pickup.
The advantages of the series primary resonant circuit are such as a supply stable voltage, and the blocking of dc component from the input voltage by a series capacitor. On the other hand, the large high-frequency current through a series capacitor will get the high capacitor voltage [104] .
The parallel primary circuit offers a no-load regulation and a supply stable current but lacking of a dc component blocking. In the secondary side, the series secondary resonant circuit supplies the stable voltage and reflect only a real part of the impedance to the primary side.
The parallel secondary resonant circuit supplies the stable current which is suitable for battery charger. This circuit VOLUME 7, 2019 allows the reflection of both real and imaginary parts of the impedance to the primary side [104] .
The resonant frequency would be changed when the load is varied. In practice, the load on the secondary side cannot model as a pure resistance and the non-linear load, increasing the system order. To combine the advantages of both simple resonant circuits, the LCL -LCCL resonant circuit is presented in [104] .
However, the disadvantage of a dual side LCC compensation is a large volume [11] . A hybrid compensation topology by combining the series compensation and the LCC compensation with two additional switches is adopted in the receiver side [103] and in the transmitter [105] for the LCC-S topology.
Such a decision is a compromise with regard to the size and mass, with a preservation of almost these characteristics.
To compare a better classical compensation topology with a complex, the reference [106] is used, where comparisons of double-sided SS and LCC compensation are made. From Fig. 14 less sensitive to the variation of coupling coefficient under ideal conditions. The voltage and current stresses on the series capacitors and main coils of the double-sided LCC compensation topology are smaller than SS compensation topology [106] .
The efficiency of the double-sided LCC compensation topology is more stable at the more wide range distances than SS and it is keeping high on misalignment variable (Fig.15) .
The secondary LCC and series compensation topologies are load independence and equal to one in ideal case and have a similar efficiency [89] .
Certain topologies are positioned by the authors to ensure a high efficiency of the energy transfer and the VA rating can be reduced. For example, at high frequencies greater than 1 MHz [107] , for this purpose the LLC compensation is used on the primary side.
The high-order compensation topologies such as the LCC and LCL have become more and more popular due to the better comprehensive performance [100] , [102] , [108] - [110] . A fixed frequency control is usually adopted for the inverter with a double-sided LCC resonant topology. Consequently, an auxiliary switching power converter is required to control the output power.
Sometimes the WPT system or control method may depend on the topology of compensation. The paper [111] presents a novel control method that minimizes the need or use for a VOLUME 7, 2019 FIGURE 14. Comparison of the simulated efficiency between the double-sided SS and LCC compensation topologies at power 2.6 kW [106] .
FIGURE 15.
The experimental efficiency of LCC topology for different power levels with different misalignment [106] .
number of components in a dual active bridge series LC-LC resonant converter topology. Efficiency of LC-LC topology may reach 92% [112] .
In [113] the proposed LC-LC2 network (or S-CCL compensation) with efficiency 93% is reported. The LC-LC2 topology provides the input impedance with ZPA and voltage gain having load independent characteristics. Compared with S-SP topology, in this compensation the efficiency variation is less affected by the mutual inductance changing and higher-order harmonics not injected to the rectifier side [113] .
It is well known that in the inductance-capacitance (LC) series resonance circuit, the voltage values on L and C are identical, while the phases are opposite [114] . The LC-S topology loss is approximately the same as in the LCL, but in this case there will be fewer elements. [115] . Thus the sum of the two voltage vectors is zero, and the withstand voltage of the input power source can be reduced. In the meantime, much of the reactive current is delivered between the inductance L and the capacitance C in the LC parallel resonance circuit. Hence, the load can receive more active power with the LC-P compensation.
In [116] the CCL transmitter and LC receiver (CCL/LC) are employed for the compensation. A parallel resonance is employed for a transmitter with the advantage of a lower circulating current from the power electronics circuit, as parallel capacitor forms a low impedance path for the circulating current.
To avoid compensating inductances, an additional capacitor should be used.
As noted in the previous section, the series compensation requires a higher voltage and current than the parallel compensation. Therefore, the SP combination is required to obtain the required capacitance in order to achieve the desired voltage and current ratings. The IPT system requires a perfect alignment of the coils to transfer the power with a high efficiency. The benefit of the SP/S compensation scheme is that the output power can be maintained constant for a high misalignment [56] .
The SP/S compensation topology is presented in [56] , which allows a significantly higher positioning tolerance than the standard SS topology. The SP/S topology combines the characteristics of the SS and PS configurations and is suitable for a mobile system battery charge, where a high misalignment may occur.
A novel S/SP type compensation contactless resonant converter is proposed in [86] , which can realize the constant gain intersection point with a zero phase angle of the input impedance. Meanwhile, the constant gain value is independent of both the load change and the k. Another merit here is that the output voltage gain is not sensitive to the parameter change around the gain intersection point.
The S/SP type compensation can realize a good output stability and low circulating losses under the condition of wide parameters variations [117] .
The output voltage gain of the S/S compensated converter at the full resonant frequency is proportional to the load, resulting in a wide output voltage variation. Thus, the S/S compensation cannot achieve a constant voltage gain at the zero input phase angle point.
The output voltage gain of the S/SP compensated converter is less sensitive to the variation of transformer's parameters than that of the SP compensated converter. Thus, the SP and the S/SP compensated converters can achieve both a constant gain and high efficiency at the full resonant frequency. Therefore, the S/SP compensation is suitable for a wide range of parameters as well as for high-power applications [117] .
To improve the misalignment performance in PS, in [7] it is shown a compensation circuit that adds a series capacitor to the parallel resonant circuit (P/PS compensation). The PS-P compensation has efficiency 90% [118] .
In addition to adding components to the classical topologies, a single sided compensation is also used: a primary S-compensation [34] , secondary P-compensation [35] , secondary S-compensation [37] . On the opposite side there will be no element responsible for the resonance.
A one-side primary capacitor compensation is proposed in [119] . In a resonant system with a high quality factor, this system could be regarded as a narrow band system. Therefore, the voltage on the primary inverter output is assumed a sinuous voltage and high order harmonics are neglected. The input current is also assumed a sinuous current without high order harmonics under a steady-state.
With the removal of the capacitor on the secondary coil, the effect of the reflected reactance is cancelled through a proper selection of the primary compensated capacitor. This means that the problem of frequency deviation due to the reflected impedance from the secondary circuit is minimized [120] . The important advantages of the S-compensation include less component count and the complexity of the WPT system with an increased power transfer capability and less distortion on the primary current compared with the SS topology.
But a single sided compensation also has less regulated resonance parameters that can not provide a sufficient freedom to meet all the criteria for designing a WPT system [10] , so it is rarely used in practical applications.
Taking into account many considered articles, the LCC and LCL compensations are better among complex compensation topologies and may reach efficiency more than 95% [19] , [121] , [122] .
In the Table 6 , a comparison of topologies based on the basic parameters described in this subsection is given. The benefits are marked with green color, the drawbacks are red.
B. COMPENSATION IN MULTIPLY INPUT AND OUTPUT SYSTEMS, MULTICOILS SYSTEMS
Most often in the works of researchers and in practical implementation there are circuits with two coils, the transmitting and receiving. They are called in some sources Single-InputSingle-Output (SISO)- Fig.16a . But classical and modified compensation topologies are also used in the cases where there are several coils on the primary or on the secondary side. It is logical to assume that the more coils will be, the more complex the system will be, because the number of mutual inductances and the influence will be proportional to each [123] . At the same time, the parallel inclusion of several coils allows to reduce the overvoltage on semiconductor elements, improve the shape of the sinusoidal voltage, and increase the maximum efficiency at a constant frequency. The key advantages of the three-coil system are the maximum energy efficiency, the energy efficiency stiffness against load variations and the reduced EMF emission induced by the coil misalignments [124] , [125] .
In [4] analytically described that the SISO model may be extended to Multiple-Input-Single-Output (MISO) - Fig.16b , Single-Input-Multiple-Output (SIMO) - Fig.16c and Multi-Input Multi-Output (MIMO) - Fig.16d configurations.
In the examples below, the SS compensation is used as an illustration of the use of the compensation topology.
The S-S-S compensated three-coil (MISO) WPT system can achieve the CV characteristic [97] , and the S-S-LCC compensated three-coil WPT system can achieve the CC characteristic. In addition, both of the two cases can realize Zero Phase Angle (ZPA).
Three-coil MISO system with the SSS compensation is used for a Z-source network [126] . Such Z-source system can operate in a wide range of voltage and depending on the topology it can work in two modes: buck and boost. It can work without a dead time for the switches as it is tolerant to the shoot-through states. This increases the overall reliability of a converter. Also, the same compensation topology is used in three-phase inverters, by a capacitor for each phase [127] .
Such systems are used to transmit not only the energy but also information [128] . Wireless information and power transfer in a MISO downlink system consists of one multiantenna transmitter, one single-antenna information receiver, multiple multi-antenna Eavesdroppers (EVES), and a multiple single-antenna Energy-harvesting Receivers (ERs).
Another example is the use of MISO systems with the basic compensation topologies for the dynamical charging EVs. In this case, the road surface is fitted with transmission coils, and in the vehicle floor is embedded a receiving coil [21] , [57] .
Three-coil MISO system is designed in [18] . On the primary side there are two series compensations. In the secondary side, the parallel LC connection is adopted to tune the resonant frequency. Since the parallel-connected LC circuit acts as a current source at a resonant frequency, a high voltage can be obtained, making it suitable for the voltage boosting.
Free-positioning SIMO systems with a coil array and a compensation allow multiple devices to be charged simultaneously irrespective of their positions (utilizes the whole charger surface for a power transfer without any restriction on the orientation of the secondary coil). Free-positioning approach can be applied based on the three-layer coil array structure [129] . This approach offers more user-friendliness, may also charge 1 to 3 smartphones [4] . The SIMO is also used for Maglev train with the series compensation on the primary side [130] ; for the bidirectional Vehicle-To-Grid (V2G) systems multilevel IPT converters with 3 coils LCL compensation [131] and the load-isolation WPT with the 3-coil SSS compensation [132] . VOLUME 7, 2019 Three system models including the MISO, SIMO and MIMO are proposed in [133] to characterize the number of transmitters and receivers to the link. The MIMO is used for increasing the magnetic communication range [134] . The crosstalk between the transmit coils and the receive coils is small. The LCL-T compensation in [135] is used for a parallel inverter with the IPT to achieve a maximum efficiency at a high power (MIMO system).
The MISO, SIMO topologies with a compensation network are commonly used for improved shape of signals, bidirectional converters, a high voltage and power level, they help to unleash the power topology potential and provide highly efficient work, despite the size and cost.
V. APPLICATION OF COMPENSATION TOPOLOGIES IN IPT SCHEMES AND FUTURE DIRECTIONS FOR INVESTIGATIONS
In this section the important issues about the modern sphere of compensation topologies use for different applications in WPT schemes as well as possible future research directions in this area are considered.
A. APPLICATION OF COMPENSATION TOPOLOGIES
In some cases, researchers indicate for which applications the WPT system can be used (for example, the transmission of information [128] , in some cases the systems are positioned as universal or simply this issue is not given attention to. The choice of the topology usually depends on the power, the size of the device, the gap between the coils and the variation of the load, etc. (Tables 4 and 6 ).
The general typical WPT scheme is shown in Figure 1b along with its brief review in the second section. The topologies of inverters and rectifiers may be different, that is out of scope in this article. A battery or resistive load often acts as a load.
As previously noted, SP topology is often used with high input and low output power. For all power levels, and especially for medium and high and with frequent variable load parameters and distance between coils, SS compensation is applied. For power of tens and hundreds of kilowatts with large input current, sometimes PS and PP compensations are used. If the changes in the output parameters are insignificant, then the combined compensation topologies can be used for high efficiency. Details are given below.
The most massive used area of the WPT systems with compensation are chargers of a varying power, mainly with the SS compensation. Less used are the LCC and LCL compensations [11] , [104] . Charging can be static or dynamic. With a static charge of the coil, the transmitter and the receiver are in a stationary state opposite each other (Fig.17a) . In the case of dynamic charging, a large number of transmission coils are installed on the road surface, and one receiver coil (mostly) is located on the vehicle (Fig.17b) . The double sided LCL-LCL compensated MIMO system is used in dynamic charging [121] . At any moment of movement, the power transmitted must be constant. According to this principle can be implemented not only the charge, but also the electric motor supply.
Speaking about a high power, it can be EVs, buses, trains [136] . The supply system of Maglev train is developed in [130] . In [21] , [57] a detailed review of the kilowatt systems of static and dynamic charging of EVs (even LC-LC2 compensation [137] ), electric buses, with the description and analytical expressions, the compensation and geometry of coils, efficiency, and others is given [2] , [50] , [138] . The development of such systems with experimental designs is shown in the example of the 5 kW EV charging system [38] , [39] , [139] . Sometimes the CPT is used to transmit the energy in the EVs, but as experimental prototypes [140] .
In public transport systems [141] the secondary systems are electrically isolated and move along a long track. The WPT system has to provide the intervention free battery charging to a specially designed low weight electric vehicle for use in a national park. High-speed railway power system is shown in [142] .
The SS topology is used in the high-power (more 1 kW) low voltage (less 100 V) chargers [60] , [143] . Also designed 3.7 kW systems for Light-Duty Vehicles are described in [144] . The SS topology is most suitable for EV charging [145] in view of the benefits described in Section IV.
The same principles are used for charging scooters [47] , electric bikes (Fig.17c) [11] , [81] , [105] , [77] , [98] , [99] , [147] and other low-power transport devices. There may be charging stations for charging multiple bicycles at different power levels with the LCL and CLC compensation [98] , [99] .
In industry there are SP-compensated material handling systems [53] , [148] . The WPT system is used for a robot manipulation application [36] . In such cases, rotary coils are often used to have more degrees of freedom in the mechanism [42] , [149] .
It is also possible to use for the WPT by the resonance and inductive methods from renewable energy sources [48] used the PS topology, [150] , [151] -a contactless underwater power delivery.
Researchers developed an 8-resonator system, in which the series resonant topology was used in both the transmitter and receiver. The Domino resonator systems are a reproduction of Nikola Tesla's experiments [152] .
For portable or implantable and biomedical applications in most cases, the SP or SS topology is used commonly [153] , [154] . Preferably these are medical implants [29] , [155] .
For example, a leadless pacemaker charged by wireless electricity is depicted in Fig.17g [24] . Even before the era of smartphones, prototypes of universal-input battery chargers for mobile phones were developed [156] . The most modern option is a mobile phone charger [157] with the SS compensation. Fig.17e shows one of the many existing devices for simultaneous charging of several smartphones [4] , [158] , [160] .
A large group consists of consumer electronics of a different designation and power, a car seat power [158] , the LED lighting [159] , household devices (TV, monitors, FIGURE 17. Some examples of using IPT with a resonant coupling: a) stationary charging for EV [21] ; b) wireless dynamic charging of EV (roadway powered) [161] ; c) bicycle charger [147] ; d) powering multiple wireless devices revealing a practical living room environment [24] ; e)mobile charger [158] ; f) electric toothbrush charger [24] ; g) leadless pacemaker charged by wireless electricity [24] ; h) contactless memory card (RFID) [18] .
toothbrushes (Fig.17f) , and portable devices [35] , [111] with LC-LC compensation). The power supply can be as for a certain device and as for all household devices in the room (Fig.17d) [24] .
The proposed SP-compensation topology in the WPT scheme for contactless memory cards at a frequency of 6.78 MHz is in Fig.17h [18] .
For distances of several meters and kilometers are used farfield charging systems, which can be realized through either a non-directive Radio Frequency (RF) radiation or a directive RF beamforming. This is Radio Frequency IDentification (RFID), Wireless Body Area Networks (WBANs), Global System for Mobile Communications (GSM) bands, and many others. A very detailed study of this issue and the abovementioned applications has been conducted [4] . The scope of using the WPT systems with different topologies of compensation is extensive, constantly increasing and affecting most areas of human life and work. The progress of the global economy promotes the implementation of researchers' laboratory developments in industrial and commercial devices.
B. FUTURE DIRECTIONS AND FURTHER INVESTIGATIONS OF COMPENSATION TOPOLOGIES
The main direction of the use and development of the compensation topologies is to increase the efficiency, reduce overall cost and size. It can be achieved by several ways, in particular:
1) Using of high-frequency multilevel/multi-pulse converters with multicoils structure (MISO, SIMO, MIMO) and combined compensation topologies;
2) Reduce parasitic capacities in coils, which will lead to the possibility of work at high resonance frequency and increase the effective distance of the wireless transmission of the energy [122] ;
Despite the above-mentioned directions of development and improvement of compensation topologies, the analysis of recent publications also revealed a certain developmental crisis and almost complete study of various topologies of compensation.
At the same time, for a significant cost and size reduction, along with improving overall efficiency of the WPT systems, the following directions can be emphasized: 1) Research of new high-frequency magnetic and shielding materials, printed planar coils and design of coil shapes for a precise direction of magnetic flux;
2) Research of existing prospective and new highfrequency semiconductor materials with the improved dynamic properties;
3) Develop and implement the new standards for work frequencies.
VI. CONCLUSION
The IPT systems are becoming increasingly popular in the research area, in particular in the wireless battery charging applications. This paper has presented the comprehensive analytical review of compensation topologies in the IPT.
This study is focused on the main types of compensation circuits and their derivations. The topologies with the series placement of the primary compensating capacitor are the most effective in the IPT for charging devices among the four classical schemes and may reach up to 97% of the efficiency. It has been established that the SS and SP topologies will be the most optimal for most of the parameters from all topologies for most applications and for different power levels. The SS topology is recommended for the unit turns ration between the primary and secondary coils. It does not depend neither on the magnetic coupling coefficient or the load on the resonance frequency. At the same time, the SP solution is recommended in case of the low output voltage. The minimum size of a secondary side coil is achievable, but the primary side requires the additional tuning in case of distance changing.
The compensation topologies with a parallel primary connection are recommended only for a high power application.
Among the modified topologies, the combination of the LCC and LCL in WPT systems is better than others and reached efficiency more 95% in a certain operation point.
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